A method is presented for compensating cavity thickness variations in conventional Fabry-Perot devices through the replacement of the input mirror with a holographic mirror, resulting in a self-tuned Fabry-Perot ͑STFP͒ device. The technique is suitable for integrating large arrays of electro-optic Fabry-Perot modulators with silicon circuitry. Experimental results of a STFP modulator are presented showing cavity thickness compensation of an electrooptic 9/65/35 bulk lead lanthanum zirconate titanate crystal having thickness variations corresponding to ϳ6 Fabry-Perot fringes in a 2.5ϫ2.5 mm 2 area. The compensated modulator used an in situ recorded Fe-doped LiNbO 3 holographic mirror, and had a uniform backreflection over a 2.5ϫ2.5 mm 2 area. © 1997 American Institute of Physics. ͓S0003-6951͑97͒03410-4͔
Surface normal optical modulators are important components in free space optical interconnection systems, and for practical operation they must have low driving voltage (Ͻ5 V͒ and low driving power (Ͻ1 mW͒, high frequency modulation (Ͼ few hundred MHz͒, and silicon integrability in large arrays. For applications that require large fan-out or large dynamic range, phase modulation is preferable to absorption modulation. Lead lanthanum zirconate titanate ͑PLZT͒ and potassium tantalate niobate ͑KTN͒ are good materials for phase modulation due to their high electro-optic ͑EO͒ effects. 1 The high dielectric constants of PLZT and KTN lead to high capacitances when used in bulk form, so thin films are required to achieve low capacitances and thus low driving powers. Thin film modulators are typically limited by electric field saturation in the EO material, necessitating a Fabry-Perot ͑FP͒ configuration which increases the optical interaction of the light with the modulator active material. 2 To increase the optical interaction in the cavity, high reflectance mirrors are required, resulting in high finesse cavities. However, as the cavity finesse increases, the tolerance to variations of the cavity's optical thickness decreases. Since the cavity's optical thickness is determined by the cavity's refractive index, the cavity's physical thickness, and the illumination angle, these three parameters must be tightly controlled and uniform across the entire surface area of the modulator array. Note that tight control of the illumination angle means the use of highly collimated light, as beams with different propagation directions will pass through different effective cavity thicknesses. Also, for high finesse cavities, the cavity must have a precise optical thickness corresponding to a FP node ͑where the reflection is minimum͒. Since it is difficult to fabricate cavities with precisely known refractive indices and thicknesses, cavities are typically tuned to the nearest FP node by changing illumination angle, laser wavelength, cavity temperature, or by adjusting the thickness of postgrowth coatings 3, 4 for multiple quantum well FP modulators. For normally incident, fixed wavelength applications, the optical thickness constraint proves to be a serious practical limitation for building large size and/or large arrays of FP modulators.
A solution to the cavity optical thickness tolerance problem is to replace the input mirror with a holographic mirror, resulting in what we refer to as a self-tuned Fabry-Perot ͑STFP͒ cavity. 5 In a STFP structure, the front reflector is recorded in situ in a holographic material by interfering the incident wave and its reflection off the back mirror of the modulator. Therefore, optical thickness nonuniformities of the FP cavity can be automatically compensated allowing for very thick FP structures ͑incorporating, for example, a support substrate͒ to be successfully operated. A similar technique has been shown for passive FP filters using doublesided dichromated gelatin holographic mirrors. [6] [7] [8] However, the use of a single holographic mirror as described in this letter decreases complexity and allows large arrays of thin film FP modulators to be fabricated on semiconductor substrates. We report here the experimental demonstration of the STFP concept which was carried out by fabricating a large aperture surface-normal STFP modulator using a 0.05 mol % iron doped LiNbO 3 photorefractive crystal and a 9/65/35 PLZT bulk electro-optic cavity.
In this letter, we consider a general FP structure which consists of an input Bragg reflector ͑which may be a conventional deposited Bragg reflector or a holographic reflector͒, an electro-optic cavity, and a rear mirror. We assume that the Bragg reflector has a sinusoidal refractive index modulation, n BR , given by
where n 0 is the average index, n 1 is the index modulation, ␦ BR is the spatial phase relative to the input surface of the Bragg reflector, Kϭ2/⌳ is the grating vector magnitude having a Bragg spacing ⌳ and z is the depth into the reflector. If we also assume monochromatic illumination and lossless cavity and reflectors, then the reflectivity of a FP modulator using this Bragg reflector, R BR , can be expressed as
where the diffraction efficiency of the Bragg reflector is , the rear mirror reflectivity is R m , the phase change upon reflection from the rear mirror is ⌽ m , the voltage applied to the electro-optic cavity during recording is V r , and the optical phase through the reflector and the cavity is given by
where the refractive index of the cavity is n cav (V r ), the thickness of the cavity is t cav , the thickness of the reflector is t BR , and the wavelength is .
In a conventional deposited Bragg reflector ͑DBR͒, which is fabricated by uniformly depositing materials with alternating refractive indices, the spatial phase ␦ BR is uniform across the modulator array. Thus, cavity thickness variations between different locations on the array will result in significant variations of the static reflectivity. This is illustrated in Fig. 1͑a͒ for a FP device comprised of 80% reflectivity mirrors, and a cavity having a refractive index of 2.5 and a thickness ϳ2 m. If the average film thickness corresponds to a reflectivity minimum, thickness variations of only 5 nm will result in static reflectivity variations of more than 50%.
Similarly, the reflectivity modulation ͑defined as the change in reflectivity when a voltage is applied to the electro-optic film in the cavity͒ also varies strongly as a function of cavity thickness. Figures 1͑b͒ and 1͑c͒ illustrate this for normally high reflectivity ͑NHR͒ and normally low reflectivity ͑NLR͒ modulation, respectively, assuming a quadratic electro-optic PLZT thin film. Modulation occurs only at thicknesses near a FP fringe node, i.e., where the reflection is minimum. In general, the optimal film thickness ͑for maximum modulation͒ depends on the rear mirror's phase change, the DBR's spatial phase, the incident angle, and the film's refractive index. In addition, if a passive layer such as the substrate is included within the cavity, the thickness and refractive index of the substrate will also affect the optimal active film thickness. Thus, fabrication of this device would be difficult since the precise values of these parameters may not be known before the film is grown.
If an STFP structure is used with an in situ recorded holographic top reflector instead of a conventional FP structure with a deposited Bragg reflector, the spatial phase ␦ BR of the reflector is not necessarily fixed with respect to the bottom mirror; it depends on the spatial phase of the recording interference pattern. Using a single beam illumination to record the holographic top mirror, the reflection off the rear mirror forms an interference patern in the holograpic medium with a spatial phase given by ␦ int ϭ2⌽ FP ͑ V r ͒ϩ⌽ m .
͑4͒
Assuming linear modulation, the recorded hologram will be a sinusoidal index modulation that is in general shifted by a phase with respect to the illumination interference pattern. The phase is a spatially uniform parameter governed by material characteristics. It vanishes for passive materials such as holographic photopolymers and dichromated gelatin. In photorefractive materials however, the value of depends on material characteristics, such as dopant density and photovoltaic fields, and external parameters, such as the spatial frequency of the illumination pattern, the velocity of the interference pattern in the crystal, 9 and any external field applied during recording. Thus, any can be obtained by changing crystals or altering external parameters, such as the voltage applied to the crystal during recording.
The spatial phase of the recorded refractive index pattern in the hologram is then expressed as
͑5͒
Notice that the hologram's spatial phase varies with the optical path through the device. The reflectivity of a modulator with a recorded holographic top mirror is given by Eq. ͑2͒, and using ␦ BR given by Eq. ͑5͒ with VϭV r we obtain
Thus, the reflectivity does not vary as a function of the electro-optic film thickness and the FP modulator is directly tuned to the addressing wavelength, thus the name, selftuned Fabry-Perot modulator. The recorded holographic top mirror will have a fixed refractive index profile, provided that it is either chemically fixed or used with a low intensity readout optical beam which does not erase or alter it. Modulation of the reflection is achieved by changing the voltage applied to the EO active material. Assuming that the cavity consists of a quadratic EO PLZT thin film, Fig. 1͑d͒ shows the reflection modulation as a function of EO film thickness for a STFP modulator. The STFP reflection modulation is largely independent of the film thickness, unlike for the conventional FP modulator. For example, in the thickness range of 1.95-2.07 m, the modulation of the conventional modulator varies from 0% to 79%, while the STFP modulation varies from 78% to 80%. The value of the reflection modulation depends on the holographic phase shift of the holographic top mirror. In photorefractive materials, this phase shift is changeable; however, it is commonly /2 which is optimal for intensity modulation. Thus the STFP structure that uses a photorefractive holographic top mirror can, in principle, dramatically improve the spatial uniformity of modulators arrays and of modulators with large apertures.
We have demonstrated the STFP concept using a 20ϫ4ϫ0.4 mm 3 9/65/35 PLZT wafer as the electro-optic cavity, a 10ϫ10ϫ2 mm 3 y-cut LiNbO 3 :0.05 mol % Fe as the holographic mirror, and a dielectric mirror for the rear mirror. The experimental modulator, illustrated in Fig. 2 , was illuminated by a collimated 514 nm laser beam at normal incidence. The PLZT was operated as a bulk transverse electro-optic phase modulator, with an electrode gap of ϳ5 mm. Backreflected beams were directed by a 50:50 beamsplitter to a charge coupled device ͑CCD͒ camera.
To show the thickness nonuniformities of the PLZT wafer, half of the wafer was uncoated and illuminated with a portion of the readout beam ͑as shown in the lower part of Fig. 2͒ . Fresnel reflections from both sides of the wafer formed low finesse FP fringes, where one fringe corresponds to a thickness change of /2n PLZT Ϸ100 nm. The backreflected image is shown in Fig. 3͑a͒ for no applied voltage, and Fig. 3͑b͒ for V 1/2 ͑voltage required to shift the fringes by 1/2 of a fringe͒ applied to the PLZT. Note that the cavity thickness varies by ϳ600 nm in the vertical direction and by ϳ100 nm in the horizontal direction over the 2.5ϫ2.5 mm 2 aperture. Demonstration of the compensating effect of the STFP concept was achieved by antireflection ͑AR͒ coating the other half of the PLZT wafer and placing it between a LiNbO 3 crystal ͑also AR coated͒ and a conventional dielectric bottom mirror to form a FP modulator. The holographic top mirror was recorded in situ with an exposure power of ϳ25 J/cm 2 . The resulting backreflected readout beam from the STFP modulator is shown in Fig. 3͑c͒ . As predicted by Eq. ͑6͒, the intensity is independent of cavity thickness variations. Figure 3͑d͒ shows that good uniformity and contrast was achieved with V 1/2 applied to the PLZT. The spatial noise that can be observed from Fig. 3͑c͒ is attributed to the high, nonoptimized absorption coefficient of the LiNbO 3 ͑10 cm Ϫ1 ) and the scattering from the PLZT cavity; however, from these figures, the STFP compensation effect is clearly evident.
In conclusion, we have shown that the strict thickness variation tolerance of conventional FP devices can be alleviated with the replacement of the top mirror of an FP structure with a holographic mirror recorded in situ. The so-formed STFP structure allows for the modulator to be self-tuned to the wavelength of the light beam to be modulated. In addition, this structure is especially useful for producing large arrays of spatially uniform EO modulators providing large contrast ratios with minimum modulation voltage requirements.
We have experimentally shown that this technique can be directly used with materials such as PLZT and KTN, to provide low modulation voltages with large aperture uniformity. In the future, however, we expect the STFP structure to become increasingly important to reduce the modulation voltage requirements of various modulators, including multiple quantum well absorption modulators, without compromising their spatial uniformities. In addition, this technique could be used towards the implementation of wavelength tunable detectors. Finally, if photorefractive materials that could enable the recording of high reflectivity mirrors are developed, this technique could also be extended to the realization of vertical cavity laser structures providing wavelength tunability with optical control. 
